Co 3 O 4 nanocubes with exposed (001) planes were prepared and employed for use as first-generation Sr-doped LaMnO 3 (LSM) cathodes in solid oxide fuel cells to improve the cell performance. Theoretical simulations suggest that the Co 3 O 4 (001) plane has the smallest oxygen adsorption and oxygen dissociation energies compared with other planes, thus favouring cathode reactions in solid oxide fuel cells (SOFCs). Experimental studies consistently demonstrate that a cell using an LSM cathode made with Co 3 O 4 nanocubes with selective (001) surfaces exhibits a peak power density of 500 mW cm −2 at 600 °C, while the power output for a cell using unselective (commercial) Co 3 O 4 nanoparticles is only 179 mW cm −2 at the same temperature. The electrochemical study indicates that the use of Co 3 O 4 nanoparticles with exposed (001) surfaces obviously accelerates the cathode reactions and thus decreases the polarisation resistance, which is the key to improving fuel cell performance. This study demonstrates the feasibility of using the crystal planes of metal oxides to improve the fuel cell performance and provides a new way to design SOFC cathodes.
Introduction
Solid oxide fuel cells (SOFCs), which can directly convert chemicals into electricity, are regarded as low-pollution devices that can be used to generate electricity [1] . Cathodes are a key component of SOFCs and have received considerable attention, as they significantly govern SOFC performance [2] [3] [4] . Sr-doped LaMnO 3 (LSM) is a first-generation cathode material used in SOFCs, and it is also one of the most traditional SOFC cathode materials that has been successfully employed in commercial SOFC systems [5] . However, LSM is regarded as a good cathode material for applications in SOFCs at high temperatures (above 800 °C), but it is not an appropriate cathode material for use in SOFCs at intermediate temperatures (approximately, 600 °C) due to its pure electronic conductivity without any apparent ionic conductivity [6] . Therefore, the design of nanostructured LSM cathodes [7] and the use of new materials with electron and oxygen ion mixed conductivity [8, 9] as cathodes in SOFCs at intermediate temperatures have been proposed.
Alternatively, the addition of traditional metal oxides to cathodes has been demonstrated to be beneficial for improving the cathode performance. Zhang et al. [10] have added a Co 3 O 4 layer to the Sm 0.5 Sr 0.5 CoO 3-δ cathode and found that the fuel cell performance could be doubled compared with the pure SSC cathode. Zhang et al. [11] 
Experimental
All calculations were performed using density functional theory (DFT) [16] and were implemented using VASP (Vienna ab initio simulation package) [17, 18] ; the generalized gradient approximation (GGA) was performed using the Perdew-Burke-Ernzerhof approach to approximate the exchange-correlation term. Here, the core-valence interaction is described by the projector-augmented wave method [19] . To correctly represent the electronic structure, the Hubbard correction was included [20, 21] , using a U eff (Co-3d) value of 3.32 eV [22] . The plane wave cutoff energy was set to 520 eV, whereas the Brillouin zone was described by a 1 × 1 × 1 K-point gamma-centred mesh. To study the surface properties, a periodic slab consisting of a 2 × 2 repetition of the unit cell was built and had eight atomic layers and a 15 Å vacuum gap. The convergence criteria for the energy and force were set to 10 −5 eV and 0.02 eV Å −1 , respectively, during geometry optimization. The dissociation barriers on the (001), (110) and (111) facets were calculated by using climbing image nudged elastic band (CI-NEB) method [23] , where the convergence criteria for energy and force were 10 −5 eV and 0.02 eV Å −1 , respectively. The Co 3 O 4 nanocubes were prepared by a hydrothermal process according to the literature [13, 24] with some modifications. Briefly, an NaOH solution (0.30 g NaOH + 10 mL distilled water) was first dispensed into a Co(NO 3 ) 2 solution (8.73 g Co(NO 3 ) 2 ·6H 2 O + 20 mL distilled water), and the resulting solution was placed in a Teflon liner and stirred for 30 min. Subsequently, the Teflon liner was put into a stainless steel autoclave and then treated at 180 °C for 3 h. After cooling it down to room temperature, the obtained product was filtered, washed several times with ethanol and deionized water and further dried at 60 °C. Finally, Co 3 O 4 was obtained after firing at 500 °C for 3 h in air.
The cathode was used in an Sm 0.2 Ce 0.8 O 2 (SDC)-based fuel cell system. The SDC powder was synthesized by a combustion method, and the preparation details can be found elsewhere [25] . The SDC powder was calcined at 700 °C for 3 h to obtain a pure phase powder. The SDC powder was mixed with NiO and starch at a weight ratio of 2:3:1 (SDC powder:NiO:starch) and the resulting mixture was used as the anode powder. For preparing the anode powder, SDC, NiO and starch powders were mixed in an ethanol solution and mixed with ball milling. After milling for 24 h, the solution was put in an oven at 70 °C to evaporate ethanol. The dried powder was collected as the composite anode powder. The SDC-based half cells were prepared by co-pressing and co-sintering methods and sintered at 1450 °C for 6 h. Then, an La 0.8 Sr 0.2 MnO 3-δ (LSM20)-SDC cathode slurry was deposited on the surface of the sintered SDC electrolyte and then co-fired at 1000 °C for 3 h to attach the cathode layer to the electrolyte, forming a complete cell with the structure of NiO-SDC(anode)/ SDC(electrolyte)/LSM-SDC(cathode). The LSM20 powder was also synthesized by a combustion method, as mentioned above. To study the effect of exposing different Co 3 O 4 surfaces on the fuel cell performance, the synthesized plane selective Co 3 O 4 nanoparticles were dispersed in distilled water by using ultrasonic dispersion. Then, the dispersed Co 3 O 4 particles were infiltrated into the porous LSM20-SDC composite cathode layer until the Co 3 O 4 :LSM20-SDC weight ratio was 1:5, forming the LSM20-SDC-Co 3 O 4 (plane selective) cathode layer. For comparison, a similar procedure was performed to infiltrate the same amount of commercial Co 3 O 4 nanoparticles into the LSM20-SDC cathode layer. The commercial Co 3 O 4 nanoparticles were purchased from Aladdin (Product no. C131625), and the particle size was approximately 100 nm. The material was directly used without further treatment. After the deposition of the Co 3 O 4 particles, both cells were fired at 800 °C. The fuel cell tests were performed using wet hydrogen as the fuel and static air as the oxidant. The electrochemical performance, including I-V and electrochemical impedance spectroscopy (EIS), was measured by using an electrochemical workstation (CHI 760E CH Instruments). The morphologies of the cells were observed using a field-emission scanning electron microscope (FESEM, JSM-7800F).
Results and discussion Figure 1 shows a schematic illustrating the oxygen adsorption and dissociation at the Co 3 O 4 (001) surface. It is known that in oxygen reduction mechanisms, the adsorption and dissociation of molecular oxygen are crucial steps [26] , and a decrease in the energies of either of these processes will be beneficial for cathode reactions. Here, we decided to perform a comparative study in which three facets, namely, the (001), (110) and (111) crystal planes, are considered. These three surfaces are selected, since they are thermodynamically stable terminations of Co 3 O 4 [14, 24] . Our results for the oxygen adsorption and oxygen dissociation energies of the (001), (110) and (111) surfaces are summarized in Table 1 . The calculated oxygen adsorption energy for the Co 3 O 4 (001) surface is negative and has a value of − 1.905 eV, indicating that oxygen adsorption is thermodynamically favourable on (001) surfaces. In contrast, the calculated oxygen adsorption energy is positive for the (110) and (111) surfaces, suggesting that this process is unfavourable. For adsorbed O 2 , a dissociation will occur with an energy barrier of 1.69, 4.02 and 3.58 eV at the (001), (110) and (111) surfaces, respectively. Our results indicate that the (001) surface clearly has the lowest energy barrier, which indicates that the barrier for oxygen dissociation from the Co 3 O 4 (001) surface is the lowest among the three facets. In summary, our results suggest that the adsorption and dissociation of oxygen will be favourable only at the Co 3 O 4 (001) surface, and the improved adsorption and dissociation of oxygen could facilitate the cathodic oxygen reduction reaction (ORR) [27] . Therefore, it is reasonable to expect that the Co 3 O 4 (001) plane could promote fuel cell performance due to its improved catalytic activity for ORRs. To demonstrate this hypothesis, the Co 3 O 4 nanocubes with exposed (001) surfaces were synthesized by a hydrothermal process, and the synthesized powder was characterized before it was used in the fuel cells. Figure 2a shows a TEM micrograph of the synthesized Co 3 O 4 nanoparticles with selective (001) planes. The particles are regular cubes with particle sizes of approximately 100-150 nm. As shown in Fig. 2b , high-resolution TEM (HRTEM) was used to measure the lattice spacing, which is approximately 0.286 nm and is consistent with the spacing distance between the (220) planes. The (001) plane is perpendicular to (220), as illustrated in Fig. 2c , so the surface exposed on the cube-shaped Co 3 O 4 particles is the (001) plane. For comparison, the TEM micrograph of the commercial Co 3 O 4 is shown in Fig. 2d , indicating the particle size of the commercial Co 3 O 4 is around 100 nm. Figure 3a shows the SEM images of the fuel cell fabricated using LSM-SDC-Co 3 O 4 (cubes) as the cathode. The micrographs clearly show that the complete cell is composed of a three-layer structure, where the anode substrate supports the electrolyte layer. The electrolyte layer, which is approximately 30 µm in thickness, makes contact well with both the anode and cathode. Figure 3b shows the cathode layer of the cell. The Co 3 O 4 nanocubes are dispersed on the Figure 4a shows the I-V and power density curves for the LSM20-SDC-based cell using Co 3 O 4 nanocubes. The cell made using the Co 3 O 4 nanocubes generated peak power densities of 152, 248, 500, 863 and 1126 mW cm −2 at 500, 550, 600, 650 and 700 °C, respectively. The power output of the cell made with Co 3 O 4 nanocubes is significantly larger than that of the cell made with commercial Co 3 O 4 nanoparticles, only reaching 179 mW cm −2 at 600 °C, as shown in Fig. 3b . Figure 3c shows the comparison of EIS plots for the cells made using the Co 3 O 4 (001) plane nanocubes and commercial Co 3 O 4 nanoparticles tested at 600 °C. The ohmic resistance (R ohmic ) and the polarization resistance (R p ) for the cell made with Co 3 O 4 nanocubes are 0.11 and 0.27 Ω cm 2 , respectively. In contrast, R omhic and R p for the cell made with commercial Co 3 O 4 nanoparticles are 0.18 and 0.8 Ω cm 2 , respectively. These two cells have similar R omhic values, but the R p values differ greatly. Although R p is the sum of the anode polarization resistance and the cathode polarization resistance, these two cells were prepared in the same way, and the same anode composition was used for both of these cells, suggesting that the anode does not contribute significantly to R p . In addition, it is generally recognized that the cathode is the major contributor to R p [28] , so the only difference between these two cells (either the use of Co 3 O 4 (001) nanocubes or commercial Co 3 O 4 nanoparticles) is the cause of the differing R p values. The size of commercial Co 3 O 4 particles (around 100 nm) is even smaller than that of the Co 3 O 4 nanocubes (around 150 nm), suggesting the improvement in fuel cell performance is not due to the effect of the Co 3 O 4 particles. Therefore, the apparent differences in the cell performance and also the R p values between the fuel cells made using Co 3 O 4 (001) nanocubes and those made using commercial Co 3 O 4 nanocubes mainly come from the utilization of the Co 3 O 4 (001) surfaces, which is beneficial for the adsorption and dissociation of oxygen and thus favours the cathode reactions that are demonstrated in our theoretical simulations. Figure 4d shows the schemes of using Co 3 O 4 nanocubes for LSM-SDC composite cathode. Due to the good ability of oxygen adsorption and dissociation at Co 3 O 4 (001) surface, Co 3 O 4 nanocubes allow a fast ORR to happen at the cathode, leading to a decreased R p and then an improved fuel cell performance. Even compared to a similar LSM-SDC cathode composed of Co 3 O 4 nanoarrays reported in a previous study [12] , the Co 3 O 4 (001) surfacebased cathode fabricated in this study has a polarization resistance that is almost one order of magnitude lower, suggesting that the use of Co 3 O 4 nanocubes would be a rational strategy for engineering Co 3 O 4 nanostructures to boost the fuel cell performance. Although the LSM-based cells fabricated using the Co 3 O 4 (001) surface-based cathode, as presented in this study, have improved performances compared to conventional LSM-based cells, decreased polarization resistances and increased performances compared to many LSM-based cells described in the literature [7, [29] [30] [31] , the performance is still lower than that of cells made using highly active perovskite cathodes [32, 33] . Considering the pure electron-conducting nature of LSM compounds, further improvement in the fuel cell performance is reasonably expected by tailoring the cathode particle size or the size of the Co 3 O 4 nanocubes to increase the number of active reaction sites [34] [35] [36] , or by using an oxygen-electronic mixed cathode instead of an LSM cathode [37] [38] [39] . It should be noted that although the mixed oxygen-electron conductors show better performance than LSM that makes them less influenced by the Co 3 O 4 particles, the Co 3 O 4 (001) surface has been demonstrated to promote the oxygen adsorption and dissociation that are critical steps for [10] , suggesting that the use of Co 3 O 4 is still of great interest for mixed oxygen-electron conducting cathodes. Anyway, this study presents a new concept for using crystal planes to improve the oxide catalytic activity of SOFC cathode reactions, which provides a new way to design SOFC cathodes.
Conclusions
In this study, a new concept for using metal oxide nanocubes with specific exposed crystal planes in SOFC cathodes was provided. The theoretical simulations showed that the Co 3 O 4 (001) plane had better oxygen adsorption and oxygen dissociation, which improved the cathode reactions in the SOFCs. To validate the simulations, Co 3 O 4 nanocubes with (001) planes exposed at the surface were synthesized and then used in the cathode of SOFCs. The cell performance was much improved with the use of the Co 3 O 4 nanocubes with (001) surfaces compared with that of the cell using conventional Co 3 O 4 nanoparticles. The EIS studies indicated that the utilization of Co 3 O 4 nanocubes with exposed (001) surfaces accelerated the cathode reactions. This led to a smaller polarization resistance and thus a higher fuel cell performance, although the structure and compositions of the cells were similar. This study demonstrated the feasibility of tailoring and utilizing the exposed crystal planes of metal 
